ABSTRACT: Artificial genetic systems have been developed by synthetic biologists over the past two decades to include additional nucleotides that form additional nucleobase pairs independent of the standard T:A and C:G pairs. Their use in various tools to detect and analyze DNA and RNA requires polymerases that synthesize duplex DNA containing unnatural base pairs. This is especially true for nested polymerase chain reaction (PCR), which has been shown to dramatically lower noise in multiplexed nested PCR if nonstandard nucleotides are used in their external primers. We report here the results of a directed evolution experiment seeking variants of Taq DNA polymerase that can support the nested PCR amplification with external primers containing two particular nonstandard nucleotides, 2-amino-8-(1′-β-D-2′-deoxyribofuranosyl)imidazo[1,2-a]-1,3,5-triazin-4(8H)-one (trivially called P) that pairs with 6-amino-5-nitro-3-(1′-β-D-2′-deoxyribofuranosyl)-2(1H)-pyridone (trivially called Z). Variants emerging from the directed evolution experiments were shown to pause less when challenged in vitro to incorporate dZTP opposite P in a template. Interestingly, several sites involved in the adaptation of Taq polymerases in the laboratory were also found to have displayed "heterotachy" (different rates of change) in their natural history, suggesting that these sites were involved in an adaptive change in natural polymerase evolution. Also remarkably, the polymerases evolved to be less able to incorporate dPTP opposite Z in the template, something that was not selected. In addition to being useful in certain assay architectures, this result underscores the general rule in directed evolution that "you get what you select for".
O ne of the many outcomes of synthetic biology over the past two decades has been the generation of alternative versions of nucleic acids having additional nucleotide "letters" that form additional nucleobase pairs. 1−11 Our laboratories have constructed an artificially expanded genetic information system (AEGIS). 10, 12 The AEGIS is a species of DNA having additional nucleobases that present alternative hydrogen bonding patterns, allowing its members to form mutually exclusive pairing schemes. Some members of the AEGIS are used in the clinic to monitor the viral load of patients infected with human immunodeficiency virus and hepatitis C virus. 13 The AEGIS base pairs are formed "orthogonally", meaning that pairing between additional nucleotides and standard nucleotides contributes little (or negatively) to the stability of the duplex. The extra base pairs become even more important when DNA polymerases that synthesize them in duplex DNA products arising from template-directed polymerization or, if repeated, polymerase chain reaction (PCR) can be found.
One of the AEGIS base pairs is formed between 2-amino-8-(1′-β-D-2′-deoxyribofuranosyl)imidazo[1,2-a]-1,3,5-triazin-4(8H)-one (trivially named P) and 6-amino-5-nitro-3-(1′-β-D-2′-deoxyribofuranosyl)-2(1H)-pyridone (trivially named Z) ( Figure 1 ). The Z:P pair has a standard Watson−Crick geometry joined by three hydrogen bonds, differing from the standard C:G pair in the arrangement of donor and acceptor groups that form the connecting hydrogen bonds. Further, both nucleobases place electron density into the minor groove, a density that can accept a hydrogen bond from a polymerase 10 ( Figure 1 ). These features allow polymerases to accept dZTP and dPTP as substrates to form duplexes containing Z:P pairs in primer extension reactions, PCR, and nested PCR (Figure 2 ) architectures.
We recently showed that Z:P pairs can be exploited in nested PCR. 17 Here, nested PCR ( Figure 2 ) begins with "chimeric" primers, which are presented in the PCR mixture at low concentrations. The analyte-specific portions of the chimeric primers are built from only standard nucleotides, necessary to complement sequences within the natural PCR target. The primers are, however, tagged with DNA sequences that contain multiple P's. The small amounts of chimeric primers are rapidly consumed in the initial rounds of PCR, requiring the external primers to later "carry" the amplification. Because the external primers must be present at high concentrations for amplification to occur, these can bind off-target to create noise. However, if the external primers have multiple P's, they cannot bind anywhere to natural DNA, despite their high concentrations. This allows nested PCR architectures using Z:P pairs to be extremely clean, when compared with that of nested PCR that uses external primers made from standard nucleotides only. 14 Unfortunately, natural polymerases still see something slightly "unnatural" in Z:P pairs, despite their structural similarities to standard pairs. Speculatively, this might arise from the fact that Z is a "C-glycoside", having its heterocycle joined to the sugar via a carbon−carbon bond. Natural nucleotides have their heterocycles joined to their sugars via carbon−nitrogen bonds.
To improve polymerases that can support nested PCR, we began by noting that the nested PCR architecture is easily incorporated into directed evolution experiments using compartmentalized self-replication (CSR) procedures. As applied to polymerases by Holliger and co-workers, 15 CSR uses water droplets emulsified in oil as artificial cells. 16 Each droplet contains a single Escherichia coli bacterium expressing one member of a library of variant polymerase genes. PCR is done within the emulsion, where the first heat step releases to the droplet (which contains PCR primers) each variant polymerase as well as the plasmid that encodes it. If the variant polymerase is active under the condition of the PCR, it amplifies its own gene. This enriches the emulsion polymerases that are most "fit" to support PCR in the environment presented ( Figure 3) .
We report the application of CSR in obtaining Taq DNA polymerase variants that better incorporate dZTP opposite P in a template. Here, the nested PCR 17 was reproduced inside of the emulsified droplets that contained chimeric primers and external primers containing P (Figure 4 ). Polymerase variants that are inactive do not deliver their genes in amplified form to the extract after the emulsion is broken. Variants that skip, mismatch, or inefficiently place Z opposite P are expected to deliver less of their encoding genes, as their products are less efficiently primed by the P-containing primers. However, genes for variants that synthesize Z:P pairs in duplex DNA more rapidly, with greater fidelity, or otherwise more efficiently should be most enriched at the end of the emulsion-based PCR.
■ EXPERIMENTAL PROCEDURES
Synthesis of Nonstandard Nucleotides and Oligonucleotides. Nonstandard nucleotides 2-amino-8-(1′-β-D-2′-deoxyribofuranosyl)imidazo[1,2-a]-1,3,5-triazin-4(8H)-one (dP) that pairs with 6-amino-5-nitro-3-(1′-β-D-2′-deoxyribofuranosyl)-2(1H)-pyridone (dZ) were prepared in our laboratory as the phosphoramidite and triphosphate forms using previously published methods.
18−20 Oligonucleotides contain- Figure 1 . Z:P pair from an artificially expanded genetic information system (AEGIS, left); note the green lobes indicating electron density presented to the minor groove of DNA, electron density that polymerases seek. The natural C:G pair (right) also has this electron density. Figure 2 . Nested PCR involving Z:P pairs begins with chimeric primers presented at low concentrations. The analyte-specific portion of the chimeric primer is built from only standard nucleotides, to complement the sequence of the natural target, which also contains only standard nucleotides. The tag, however, contains multiple P's (here, four). After the chimeric primers are consumed in the initial rounds of PCR, the amplification is "carried" by external primers present at high concentrations that have four P's in a primer 17 nucleotides in length. This external primer cannot bind anywhere to natural DNA, despite its high concentrations. This allows the nested PCR architecture using Z:P pairs to be extremely clean relative to that of nested PCR that uses external primers made from standard nucleotides only. ing only the four natural nucleotides were purchased from Integrated DNA Technologies (Coralville, IA). Oligonucleotides containing Z and P were prepared in our laboratories using an Applied Biosystems ABI394 DNA/RNA synthesizer. Compartmentalized Self-Replication (CSR). An experimental procedure based on water-in-oil emulsions adapted from that developed in the Holliger laboratory 15 was followed. The aqueous phase of the emulsion {1× emulsion buffer [2 mM Tris-HCl, 2 mM (NH 4 ) 2 SO 4 , and 0.25 mM MgCl 2 (pH 8.8)]} contained two chimeric PCR primers (0.2 pmol each) whose 3′-ends were composed of standard nucleotides complementary to a region of the gene for Taq DNA polymerase and whose 5′-ends contained four nonconsecutive dP nucleotides. The forward chimeric primer was 5′-CTAPG-ACPACGPACTPCCAGGAAGCAGCCATCACACAAATGG-CTAGCGGGACCATGGG-3′; the reverse chimeric primer was 5′-CAGPAAGPAGCPATCPCCAGGAAGCAGCCATC-ACGTCCCGAATTCGAGCTCGGTACCT-3′. When presented with the Taq DNA polymerase gene, these chimeric primers initiated a nested PCR, which was supported by two dP-containing external primers (5′-CTAPGACPACGPACT-PC-3′ and 5′-CAGPAAGPAGCPATCPC-3′, 20 pmol each). Other components of the aqueous phase of the emulsion were dNTPs (0.2 mM each), dZTP (0.02 mM), and betaine (0.3 M), in a final volume of 100 μL.
The gene for Taq DNA polymerase does not, of course, contain any Z or P. Therefore, we designed a selection system in which the primers contain AEGIS components and the polymerase needs extend the primers first to copy its own gene. The primers present a nested configuration with the longer primers being present at low concentrations so they are used up in the first cycles of the PCR. The later PCR cycles use the shorter primers, which would anneal only to copies that have been correctly extended by placing Z opposite P.
E. coli cells (∼50 million), each harboring a member of a library of Taq genes, were induced by addition of anhydrotetracycline as described previously, 15 resuspended in the aqueous solution (100 μL), and added dropwise to 200 μL of a solution of 3% Arlacel P135 and 0.1% soy lecithin in light mineral oil with constant stirring at 1000 rpm (7 min, room Here, we show the two variant genes (red and blue). The actual experiment contains ca. 50 × 10 6 E. coli cells each potentially carrying a different variant of polymerase. Each E. coli expresses the mutant polymerase gene (b). Then, the cells are emulsified along with the deoxynucleotide triphosphates (dNTPs) and chimeric primers. The resulting water-in-oil-emulsion contains ideally one cell per droplet (c). The first cycle of PCR breaks the cell wall of E. coli, exposing the expressed polymerase molecules and their gene to the contents of a water droplet containing all of the necessary components for a PCR amplification: (i) primers, (ii) dNTPs, (iii) a mutated gene of the polymerase, and (iv) the enzyme expressed by this gene (d). The droplets are heat resistant and maintain the original genotype−phenotype linkage present in E. coli cells. During PCR, active polymerases (blue) amplify their respective genes, enriching the pool of mutants having the desired properties; inactive polymerases (red) fail to do so (e). The emulsion is then broken, and the amplified genes enriched in those encoding polymerases having the desired behaviors are extracted and inserted into a plasmid vector to be expressed and screened or can enter in a new cycle of selection (a). temperature). The emulsions were then placed in a PCR instrument (MJ thermal cycler) and subjected to thermocycling: 94°C for 30 s; 30 cycles of 94°C for 30 s, 63°C for 30 s, and 72°C for 1 min; and 72°C for 10 min.
After thermocycling, the emulsions were broken with a phenol/chloroform mixture (200 μL). The DNA was then recovered using a Promega Wizard PCR cleanup system. The recovered PCR products were further amplified in a secondary PCR using the high-fidelity Pfu UltraII (Stratagene) polymerase and 5′-CAGGAAGCAGCCATCAC-3′ as a primer. The products of the secondary PCR were then digested and cloned back into the original vector (a derivative of pASK43IBAplus) using the NcoI and EcoRI restriction sites. The ligated plasmids were then used to transform electrocompetent E. coli BL21(DE3)gold cells, and transformants were grown on plates containing carbenicillin. Colonies were randomly selected from plates for subsequent screening (see below).
Library Creation. The library of Taq mutants was created by random mutagenesis of a codon-optimized Taq gene lacking the exonuclease domain. This is analogous to the Stoffel fragment, in which the first 289 amino acids are deleted from the Taq polymerase protein, removing the 5′−4′ exonuclease domain. The variants used here have the first 279 amino acids deleted. Additionally, the O-helix region was mutated by PCR using degenerate primers.
Screening. Transformants obtained following CSR were screened for polymerase activity by using real-time PCR in a multiwell plate directly on samples of individual colonies. Activities were tested with standard primers and nucleotides using SYBR green to detect PCR products (for details, see the Supporting Information). Transformants that showed activity showing the products of primer extension using variant N580S/L628V/E832V. The reaction volume was 20 μL with 4 pmol of primer and 6 pmol of template. When the polymerase is presented as a P-containing template in the absence of dZTP, extension is stopped and no full-length product (50 nucleotides) is produced, even after incubation for 60 min. This shows that the variant does not mismatch any standard triphosphate opposite template dP. After dZTP is added, the primer is extended through the dP to give the full-length product. In contrast, with a template containing dZ, primer extension does not stop at the dZ site in the absence of dPTP, indicating that the variant does mismatch one (or more) standard triphosphates opposite template dZ. Adding dPTP diminishes the level of primer extension involving mismatching, suggesting that dPTP occupies the triphosphate binding site when dZ is in the template, competing with mismatching, but is either not added or not extended. Parallel experiments with lower concentrations of dPTP confirm this. Here, the pattern of extended products involving misincorporation opposite dZ is not altered by the presence of small amounts of dPTP. were used to grow liquid cultures from which plasmids and purified enzymes were obtained. The Taq genes in the plasmids were sequenced, and the enzymes expressed by those genes were purified by heat shock as described by Grimm and Arbuthnot. 21 Primer Extension Experiments. The primer/template used was 5′-AGGTACCGAGCTCGAATTCGGGACGTGAT-GGCTGCTTCCTGG-3′/3′-TCCATGGCTCGAGCTTAAG-CCCTGCACTACCGACGAAGGACCPCTAPCGAPGAAP-GAC-5′. The reaction mixture had a volume of 20 μL and contained 20 mM Tris-HCl, 10 mM (NH 4 ) 2 SO 4 , 10 mM KCl, 2 mM MgSO 4 , 0.1% Triton X-100 (pH 8.8) 2.6 pmol of template, 1.7 pmol of primer, 0.33 pmol of 32 P-labeled primer, 0.02 mM dNTPs, and 0.02 mM dZTP (Figure 4) . The mixture was heated to 95°C (5 min), cooled to room temperature (0.1°C /s), and placed in a cold block at 0°C before Taq Pol was added at different enzyme concentrations. The tube was heated at 75°C for 90 s and then the reaction quenched when the tube was placed on a cold block at 0°C and 3 volumes of loading buffer (90% formamide, 20 mM EDTA, and 1 mg/mL bromophenol blue/xylene cyanol) was added. Finally, 5 μL of the quenched sample was loaded in a 7 M urea/acrylamide mixture.
In a parallel experiment with standard nucleotides (Figure 5 ), the following primer/template pairs were used: primer/ standard template, 5′-GCGTAATACGACTCACTATAGG-3′/3′-CGCATTATGCTGAGTGATATCCGTCTCTCCTTC-TTCATGCTGTCCGTTCG-5′; primer/AEGIS (P) template, 5′-GCGTAATACGACTCACTATAGG-3′/3′-CGCATTATG-CTGAGTGATATCCGTCTCTCCTTCTTPAPGPTGTCC-GTTCG-5′; primer/AEGIS (Z) template, 5′-GCGTAATAC-GACTCACTATAGG-3′/3′-CGCATTATGCTGAGTGATA-TCCGTCTCTCCTTCTTZAZGZTGTCCGTTCG-5′.
The reaction mixtures (20 μL reaction volume) contained γ-32 P-labeled primer/cold primer (4 pmol) and standard template, P-containing template, or Z-containing template (6 pmol). These were annealed by incubation at 80°C for 1 min and cooled to room temperature. Assays contained the primer/ template complex, 20 mM Tris-HCl, 10 mM (NH 4 ) 2 SO 4 , 10 mM KCl, 2 mM MgSO 4 , 0.1% Triton X-100 (pH 8.0), and 100 μM dNTP with and without dZTP or dPTP. Reactions were then initiated by the addition of 2.5 μmol of enzyme variant N580S/L628V/E832V (0.125 μM), and mixtures were incubated at 50°C for 2, 20, and 60 min. Reactions were then quenched with 10 mM EDTA in formamide, and mixtures were resolved via 10% polyacrylamide gel electrophoresis.
■ RESULTS
CSR exploits a feedback loop in which a polymerase copies the gene that encodes it. The gene for Taq DNA polymerase does not, of course, contain any Z or P. Therefore, to couple the selective pressure experienced by the polymerase to its ability to incorporate dZTP opposite a dP in a template, we designed a selection system in which the primer binding sites containing dZ were added to the Taq gene early in the PCR with scarce chimeric primers and external primers at higher concentrations in a nested PCR 22 architecture that contained four nonconsecutive dP's, ca. 23.5% of their nucleotides.
Because they were present only at low concentrations, the chimeric primers were consumed in the first cycles of the PCR. Thus, a Taq DNA polymerase variant was further amplified only if it successfully incorporated four dZTPs opposite four dP's when it reads the dP-containing tag. Any Taq polymerase variant that omitted the dZ's or mismatched some other nucleotide opposite the four template dP's primed less efficiently in the next round of the PCR and therefore was depleted in the mixture collected after the emulsion is broken.
After 96 colonies harboring different polymerases had been screened, 13 were shown to have active polymerases. Four of the most active were sequenced: variant R334C/D578N/ E832V, variant T447N/M673I/E832V, variant M444V/ P527A/D551E/E832V, and variant N580S/L628V/E832V (see the Supporting Information for a comparison among these polymerases).
The E832V replacement had been previously identified as being beneficial for Z:P incorporation (unpublished). The variants recovered in these CSR experiments conserve this beneficial amino acid replacement and also have some additional replacements. Variants M444V/P527A/D551E/ E832V and N580S/L628V/E832V showed more activity in the primer extension experiments reported here.
The emergence of these variants from the CSR experiment is, of course, evidence that their amino acid replacements allow the polymerase to survive better under the specific PCR conditions that they saw during CSR. It was interesting, however, to see whether the recovered polymerase variants would also display improvements in in vitro assays where they were challenged to incorporate ZTP opposite P in a template. To this end, primer extension experiments were performed in which variants M444V/P527A/D551E/E832V and N580S/ L628V/E832V were challenged to incorporate dZTP opposite P in four positions in the template. Figure 4 shows that the polymerases containing the E832V replacement alone noticeably pause at each point in the primer extension reaction where Z must be incorporated. The "pausing bands" on the gel are less intense if more polymerase is added, of course. However, the intensity of those bands can be used as a metric to indicate the relative ability of polymerase variants to incorporate Z opposite P in a template.
Perhaps as expected as the products of a directed evolution experiment under this selection pressure, both variants M444V/P527A/D551E/E832V and N580S/L628V/E832V give less pausing in these experiments. Indeed, M444V/ P527A/D551E/E832V gives only very light pausing bands when 5 pmol of polymerase is present. Thus, in addition to being active survivors of the CSR experiment, these variants show an enhanced facility to synthesize duplex DNA containing Z:P pairs.
■ DISCUSSION
CSR is, of course, a process intended to solve a technological problem: the creation of polymerases that do useful things. This represents the first time that CSR has been applied to obtain polymerases able to accept components of an expanded genetic alphabet. It differs from recent results obtained by the Holliger laboratory, 23 where the information in the artificial genetic system remained the same, with only the backbone structures changing.
CSR results can also address scientific issues by providing a glimpse into the "fitness landscape" that relates protein function to protein sequence "space". For example, we might compare the number and distribution of amino acid replacements that appeared in this selection experiment with the number and distribution of replacements that emerged in other selection experiments with polymerases. For example, when selecting for Taq polymerase variants resistant to inhibition by heparin, Holliger and his group mentioned one survivor having six replacements (K225E/E388V/K540R/D578G/N583S/ M747R). 15 When selecting for variants that accepted 2′-deoxycytidine derivatives carrying appended Cy3 and Cy5 fluorescent dyes, they recovered variants of Pf u DNA polymerase each having two to six amino acid replacements. 24 The four amino acid replacements seen in both the M444V/ P527A/D551E/E832V and N580S/L628V/E832V Taq variants are comparable in quantity to these variants.
Alternatively, we can ask whether the specific sites undergoing replacement in our experiments recapitulate those seen previously in other directed evolution experiments. Interestingly, this is the case for several of the sites reported here (see the Supporting Information). One of the amino acid changes found by our selection of polymerases better able to synthesize duplexes containing Z:P pairs (D578N) occurred in a site that underwent substitution in the CSR experiment that yielded a Taq variant resistant to heparin inhibition (D578G). 15 This provides support for a general hypothesis that sites involved in adaptation to one environmental novelty might also be involved in adaptation to environmental novelties more generally. This is the rationale behind the REAP strategy for directed evolution, 25 in which mutations in a directed evolution experiment focus on sites where adaptive evolution appears to have already occurred in the natural history of the protein family.
This, of course, prompts a question that asks whether the individual sites and/or replacements recovered in the CSR experiments to obtain polymerase variants that accept the Z:P pair recapitulated events that actually occurred in natural history. For this analysis, the polymerases in Pfam PF00476 were examined. Several hundred bacterial and viral DNA polymerases homologous to the Taq polymerase were placed in a phylogenetic context to determine the distributions of amino acid replacements across the polymerase phylogeny. We then analyzed this collection to find sites that were conserved or highly variable or, most relevant to this work, "heterotachous". 26 Heterotachy is a sequence pattern such that the rate of evolution acting at an individual site can be slow in one portion of the phylogeny while the rate at the same site can be rapid in a different portion of the phylogeny. Such sequence/ phylogenetic patterns can arise because of shifts in the selective constraints acting at individual sites throughout the evolutionary history of a gene family, and by extension, the precise biomolecular behaviors of the homologous proteins are not identical across the phylogeny. 25, 27 A qualitative analysis is given in Table 1 .
The partial recapitulation by these in vitro selection experiments of protein sequence variation observed in natural history does not necessarily mean, of course, that different polymerases or ancient polymerase ancestors physiologically incorporated dZTP opposite dP. Rather, we believe that it reflects the fact that the sites can be changed (and indeed, in natural history, have been changed) to meet new challenges presented to polymerases without damaging the catalytic power or fidelity of the proteins. It will be interesting to see how frequently contemporary in vitro selection experiments recapitulate the natural history of their proteins in this way.
Most striking, however, was the observation that if Z and P were reversed in their roles as template and triphosphate, the polymerases that evolved in vitro to incorporate dZTP opposite dP in a template did not perform as well. Strong termination bands were observed at sites where the polymerase was challenged to incorporate dPTP opposite dZ in the template ( Figure 5 ), indicating that the polymerase neither accepted the dP match nor introduced a standard nucleotide as a mismatch.
This result confirms that incorporating dPTP opposite template dZ and incorporating dZTP opposite template dP are not symmetrical processes. Thus, we have obtained by this selection a "unidirectional" polymerase, something largely unknown in Nature (but see ref 28) . In these experiments, only one process (the second) must be successfully catalyzed for the polymerase catalyzing it to survive the selection. In contrast, an inability to incorporate dP opposite dZ on a primer has no impact on the ability of the polymerase to survive this selection. Therefore, our failure to recover polymerases capable of doing this might not be viewed as surprising. Instead, this result underscores the general rule in directed evolution that "you get what you select for". 
